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SUMMARY 

A generalized analysis of a pressure-jet  powerplant  has  been made. 
The effect   of  changes i n  ambient conditions on the powerplant  performance 
is provided in a series of charts  using parameters containing  temperatures 
and pressuxes. 

r;' 
$ -.3 conditions on the performance  of a typica l  30,000-pound helicopter powered 

Calculations were also made ta show the   e f fec t  of changes in ambient 

by a pressure jet. If the  helicopter can  hover in the standard atmosphere 
st sea level  with a jet temperature j u s t  under 210O0 R, a jet temperature 
of 4WOa R is  required t o  hover at Denver OR a hot day (a l t i tude,  6000 f t j  
temperature, 95O P).  For this same helicopter,  the rate of climb at a 
pressure  altitude  of 9000 feet is about A45 percent less than at sea level.  
A t  sea l eve l  an increase in ambient temperature from 20' t o  95O P de- 
creases  the rate of climb  about 30 percent. The engine f o r  a pressure- 
jet  hellcopter  should  be  sized so t ha t  the most demanding power condition 
is  met with  the maximum permissible jet  temperature. 

H 

For the magnitude of  changes in ambient conditions  Investigated,  the 
maximum change i n  hovering time was 13 percent and i n  range was 1 2  percent. 

INTRODUCTION 

AB a part  of a study on powerplants  suitable -for helicopters,  the , 

Lewis laboratory  has made a prelimhazy  investigation  of  the pressure- 
jet  system (ref. 1). In this system compressed air is ducted  through 
the  helicopter rotor blades and is  discharged tangentially a t  the  blade 
t i p s .  The reaction of the  escaping air  on the  blade t i p s  drives  the 
helicopter  rotor.  Additional power is obtained by burning fuel with  the 

jet powerplant i n s t a l l e d   i n  a helicopter is shown i n  figure 1. For t h i s  
analysis the  compressed air was assumed t o  come from an am-lliary com- 
pressor  driven by a gas-turbine  engine. 

4 air i n  the  t ip   before   the  gas  mixture is ejected. A typical  pressure- 

1 



2 - FTACA RM Ea21 

The  pressure-jet  powerplant, or system,  has  certcrin  advantages  when 3 

adapted  to a helicopter.  The  powerplant  is  lightweight for the  rotor 
power it furnishes, and both  the  rotor  reduction  gear and the  antitorque 
rotor  may be eliminated. 

s 

The analytical  investigation reported in reference 1 i s  limited in 
scope in several  respects.  The  pressure-jet-amtern  performance  curve6 
are  valid  only  for  standard  sea-level  ambient  conditions.  The  helicopter 
performance  calculations  are limited to hovering  in  the  standard  atmos- 
phere  at  sea  level and to forward flight  at a pressure  altitude of 5000 
feet  at  stand&  sea-level  temperature (59O F). NO indication  is  given 
as  to  the  effect of changes in ambient  conditions on the  performance of 
the  pressure-jet  system or  on the  flight  performance of the  helicopter. 

Changes in ambient  pressure and temperature  have a considerable 
effect on the  performance  of a pressure-jet system. It wa8  considered 
important  to  determine  the  magnitude.of  these  changes and their  effect 
on the  performance of a helicopter pwered with a pressure  jet. The 
varlation in pressure-jet  performance  with  changes i n  ambient  conditione 
might be of considerable  importance i n  selecting design values for  the 
pressure-jet  system and in  determining  the  size  system  required to 
power  the  helicopter. 

Ths-analysis of  reference 1 is extended in thie report to give an 
evaluation of the  change in performance of both  the  pressure-jet  power- 
plant and the  helicopter aa a whole induced by changes  in  ambient  pres- 
sure and temperature. An indication is given OS the  effect of ambient- 
temperature  charges on the choice of design  auxiliary-compressor  pree- 
sue ratio and design  jet  temperature.  Calculatione me included to 
show the  effect of ambient  changes on hovering  time,  range, and rate  of 
climb  of  the  pressure-jet  helicopter. Ambient pressures  corresponding 
to altitudes f r o m  sea  level  to 9000 feet and ambient  temperatures f r o m  
20' to 95O F were  investigated. 

The  pressure-jet  powerplant  performance  characteristics  were  deter- 
mined  by a cycle  analysis in which  the  state of the gas wae  computed at 
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3 successive  stations  in  the system indica ted   in  figure 2. Component val- 
ues  held  fixed  throughout  the  analysis are given as follows: 

Diffuser-inlet  total-pressure  recovery, Pz/Pd . . . . . . . . . . .  0.95 
Duct f r i c t ion   f ac to r ,  kf . . . . . . . . . . . . . . . . . . . . .  2.5 
Burner efficiency, . . . . . . . . . . . . . . . . . . . . . . .  0.90 
Jet velocity  coefficient,  C V , j  . . . . . . . . . . . . . . . . .  .0 .95  

Ratio of duct area t o  burner  area, +/A* . . . . . . . . . . . .  0.667 

I 

dc ro 
0, 
M The auxiliary-compressor  characteristics are shown i n  figure 3. 

Momentum pressure losses in  the  burner  w e r e  evaluated as functions  of  the 
burner-inlet Mach  number M4 and the  burner temperature r a t i o  Ts/T4 by 
means of  the  chart of figure 4.  The symbols used i n  this report  are de- 
f ined   i n  appendix A, and de ta i l s  of the  cycle analysis m e  presented  in 
appendix B. 

% 
P 
aJ 

The results of the  cycle  analysis are presented  in terms of general- 
ized  parameters. These parameters have been  extensively used i n   t h e  
analysis  of  gas-turbine  engines. The basis  of their   generalization is  
given in  references 2 and 3. The same principles have been  applied to 
the  pressure-jet system. AB a result of  the  generalization,  the  t ip 
speed  of  reference 1 generalizes to a t i p  Mach number. M t ,  and the Je t  
temperature to a Jet   temperature  ratio T ~ / T ~ .  Thrust per unit duct area 

is g e n e r u z e d  to F / V ~ ,  and t-mt per. ~t air f l o w  t o  

The total temperatures a t  s ta t ions  0, 1, and 2 are assumed equal. 

F/Eo 

W d w 2  

Auxiliary-Compressor Characterist ics and Operation 

The compressor chaxacterist ics shown in  figure 3 are similar to 
those used in   reference 1. The assumed design has been  modified some- 
what so tha t   there  is a more nearly linear r e l a t ion  between  compressor 
speed and aAr f l o w  dong the  operating  l ine near rated  conditions. The 
ordinate and abscissa  of the campressor map have  been  generalized so as 
t o  be  independent  of  design  pressure ratio and ra ted air flow. 

The mechanical  speed  of the gas turbine and auxi l iary compressor was 
kept a t  the  ra ted  value  for  the entire  analysis.  For those flight con- 
dit ions  that   required  burning fuel i n  the tips,  the  jet-exhaust-nozzle 
areas at the   ro to r   t i p s  were adjusted to keep the compressor operating 
point on the  operating line shown i n  figure 3. When the  rotor  power re- 
quirements were suf f ic ien t ly  s m a l l  so t h a t  no t i p  burning was required, 
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power w a s  modulated  by  the  jet  exhaust  nozzles at the  rotor  tips. To re- 
duce  power,  the  nozzles  were  opened and the  compressor  operated away from 
the  operating  line along a COnSt~t-equiValent-Bpeed line  at  reduced  cam- 
pressor  pressure  ratio. 

Helicopter  Design 

The  helicopter  assumed f o r  this  analysis  is  identical  to  the  one 
used in reference 1. It  has a gross  weight of 30,000 pounds and is 
equipped  with a single,  two-bladed rotor  80 feet in diameter. . Yaw i s  
controlled  by  laterally  deflecting  the  turbine  gases issuing f r o m  the 
exhaust  nozzle (fig. 1). 

The  blade  thickness-chord  ratio  is 0.12> and the  blade  section area 

is 0.0646 x (chord)2.  Three-tenths  of the blade-section  area  is  used for 
the  compressed  air duct. 

Helicopter  Aerodynamics 

Aerodynamic  data for the  helicopter  were  derived  by  the  methods of 
references 4- and 5. Aerodynamic  parameters  used  are  given in appendix C. 
A flat-plate  area of-36 square  feet,  calculated f r o m  reference 6, w a s  
used  for  determining  the  longitudinal drag. Rator  performance in hovering 
is  generalized and presented  in  figure . .  5. Equivalent  horsepower  per 
pound  of m o s s  weight (hp/&60)/(Wg/60) is plotted  against tip Mach nwn- 
ber  Mt for several  equivalent  disk load&ngs- -W,/sS,.. !I'he derivation8 
for  the  equivalenk  parameters appear in amendix C. 

. . . . . . . . . . .. 

Power  requirements in forward  flight  and in climb  were  determined 
by the  procedure of reference 5, which is simphr than that  used  in  ref- 
erence 1. The pwer-- required for forward =gh€".ai deteEnined by ref&- 
ence 5 I s  about 10 percent  less. than that  given in -reference 1. 

Helicopter  Performance 

After the mtcn..pwer requirements had been  determined,  hellcopter 
performance w a s  computed in the  same m a n n e r  88 in reference 1. Eovering 
time and forward fllght range at 80 knots were. computed, the  entire  dis- 
posable load assumed to be  fuel.  Rate of climb  at a fo&ard speed of 60 
knots w a s  also computed  for a helicopter  gr~ss..weight  of 30,000 pounds. 
Performance was computed  for a range of &Lent  temperatures  from 20° to 
95' F and for pressure  altitudes  from  sea  Level to 9000 feet. 

r. 



NACA RM E56B21. 

FU3SULTS 

5 

The  results of the  generalized  pressure-Jet  analysis  are  presented 
in  figure 6. On  these  power-available  charts  equivalent  thrust per unit 
air f l o w  is  plotted against equivalent  thrust  per  unit  duct 

area F / A , ~ ~  for constant  values of jet  temperature  ratio T ~ / T ~  and 
duct  Mach  number s. A separate  chart  is  required  for  .each  auxiliary- 
compressor  pressure  ratio  and  each  tip  Mach  number.  Pressure-jet  per- 
formance  is  presented f o r  a range of jet  temperature ratios from 2 to 8, 
compressor  pressure  ratios  from  2.25 to 4, and  tip Mach numbers  from 0.4 
to 0.8. 

W*/% 

When  interpolation  is  required to find  the  pressure-jet  power avail- 
able  for  pressure  ratios and tip  Mach  numbers  other than those  included 
on the charts of figure 6, the  interpolation  for  tip  Mach  number  is  of 
secondasy  importance.  For  example,  with an auxiliary-compressor  pressure 
ratio of 3, a jet  temperature  ratio  of 8, and a duct M a c h  n&er of 0.16, 
the  equivalent  thrust  per unit air f l o w  decreases f r o m  94.7 at a tip  Mach 
number of 0.4 to 89.8 at a tip  Mach  number of 0. El , a decrease of 5.2 
percent. 

Effect of Changes in Auibient  Conditions on Pressure- 

Jet  Powerplant  Performance in Helicopter 

Pressure. - In reference 1 is shown how the  determination of heli- 
copter  design-point  power  requirements  and  the  selection of powerplant 
design-point  values  establish an operating  point and operating  line on 
one  of  the  power-available chwts. FYom  figure 5 and an assumed rotor 
blade and duct  configuration  it is established  that  the  rotor  tip  thrust 
required  for hovering for a helicopter  with a m a s  weight of 30,000 
pounds, a disk loading of 6 pounds per  square  foot,  and a rotor  tip  Mach 
number of 0.6 at NACA standard  sea-level conditions is  2620 pounds per 
square  foot of duct sea. Matching  this  power  requirement with the  power 
available in the  charts  of  figure 6 establishes  the  powerplant  operating 
conditions.  For  example,  if  the  design-point  auxiliary-compressor  pres- 
sure  ratio  is 3.0, the  jet  temperature  ratio  is 4.0, and  the  rotor  tip 
Mach  number  is 0.6, the  match  point  where  the thrust available is  equal 
to the  thrust  required  is  shown in figure 6(i] as occurring at a duct  Mach 
number of 0.23 and a thrust  per  pound of air of 56 pound-seconds  per 
pound.  The  constant  Mach  number  line  through  this  design  operating 
point is the  design  operating  line. 

In order to evaluate  the  effect of changes in ambient  pressure on 
the  performance of the  pressure-jet  powerplant, an analysis  was  made 
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of the  aforementiomd  helicopter h0yer.i.W at standard sea-level temper- 
ature (59O F).  This  analysis shows how.the  pressure-jet performance has 
to change.to meet a decrease in ambient pressure. From figure 5 it ma 
determined that t h e   r o t o r   t i p  thrust required  varied with ambient pres- 
sure, a6 shown i n   t h e  l o w e r  par t  of figure 7(a),  wherein  the  rotor  t ip 
thrust   required is plotted agabst the ambient pressure  parameter 60. 
The other two parts  of  figure  ?(a) were determined  with  the  help of f ig-  
ure 6( i ) and a generalized  fuel-air   ratio  chart .  

For example, a t  a value of 60 of 0.8 (pressure  altitude, 6000 f t )  , 
the   ro tor   t ip   th rus t   requi red  (from lower par t  of f igure 7 (a) } is 2800 
pounds per  square  foot  of  duct area. T h i s  value of t-t correeponda t o  
an equivalent thrust per unit  duct area of  2800/0.8 or 3500 pounds per 
square foot .  Alan@;. t he   ope ra t iw   l i ne  in figure 6 ( i )  an equivalent thrust 
of  3500 pounds per squaxe foo t  requires a jet  temperature r a t i o  of  6 .1  i n  
contrast"with  the  design-point. .vg.lue of 4:O required at eea  level.  The 
increase i n  jet  temperature ratio  increases  the rotor-horsepower speciflc 
fuel consumption from 1.78 pounds of fuel per hour per  rotor  horsepwer 
at sea l eve l  t o  2.09 at a pressure a l t i t ude  of 6000 feet. In other 
words, i n   o r d e r   t o  meet a 7-percent  increase i n  thrust requirement  brought 
about  by a 20-percent  decrease i n  ambient pressure,  the  Jet  temperature 
r a t i o  has t o  be increased 53 percent; t h i s  results i n  a 12-percent in- 
c rease   in   spec i f ic   fue l  consumption. 

r .  

Temperature. - Changes in the ambient temperature  affect  the 
pressure-jet  helicopter i n  two independent w i y s :  The Mach number of the 
auxiliasy compressor  changes, and the  rotor, power k e q h e m e n t  chang-. 

. .. .. 

Because the  auxiliary compressor operates   a t  a constant  mechanical 
speed, an increase i n  ambient temserature  decreases the compressor equiv- 
a lent  speed. Because the  auxiliary compressor i s  constrajned  to  the oper- 
a t ing   l ine  (fig. 31, a decrease i n  equivalent  speed  decreases the air flow 
and the compressor presaux  ratia. With a decrease in both  the air f l o w  
and the pressure  ratio,   there is a decrease Fn the power available i n  the 
pressure-jet system i f   t h e  jet  temperature r a t i o  is held constant. 

The e f f e c t . a f  ambient temperature on rotor t ip   thrust   required f o r  
hovering at sea-level  @.ient..pressure is shown i n  the lower part  of fig- 
ure 7 (b) . The data w e r e  derived from figure. 5 . d - C h  a .conGta.nt ro tor  t i p  
speed of 670 feet per second assumed. An increase i n  ambient temperature 
decreases   the  rotor   t ip  Mach number and the anibient density. While the 
decrease i n  ro tor  tip Mach number.a@s t o  decrease  the  thrus-trequjxed, 
the  effect  of the  reduced.air   density  to  increase  the  thrust  requiremerite 
i s  predominant; there is, therefore, a small i nc rease   i n . ro to r   t i p  thrust- 
required as the  ambfent temperature increases. 

a 
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A 

The combined ef fec ts  of an increase in ambient temperature on the  
compressor operating  condition and on the rotor power requirement means 
that   the  jet temperature ra t io  must be  increased along with  the  increase 
i n  ambient temperature i n   o r d e r  to  maintain  the  helicopter  in  hovering 
f l i gh t .  The magnitude of the  required change in je t  temperature r a t i o  
and the accompanying change i n  spec i f ic   fue l  consumption is  indicated  by 
the  following example. 

L 

.dr 
to 
o-3 

The change i n  j e t  temperature  ratio  necessary to match the change i n  
required  rotor   t ip  thrust shown i n  figure 7(b) was computed along with 

i n  ambient temperature from the  design  value of 5 9 O  to  95' F on the  per- 
formance of  the  pressure-jet  powerplant i s  discussed i n   d e t a i l  and eval- 
uated i n  appendix D. This  evaluation shows tha t   the  compressor pressure 
r a t i o  is  reduced from 3.0 to 2.8, and the air f low is reduced 6 percent. 
The appropriate  power-available  chart and corresponding  operating line are 
shown in-f igure  6(h) .  The r o t o r   t i p  thrust required a t  9 5 O  F (eo = 1.069) 
i s  2685 pounds per  square  foot  (fig.  7(b)). The equivalent  thrust   avail-  
able (fig.   6(h)) must be  equal to th i s   requi red   ro tor   t ip  thrust at sea- 
level  pressure. On figure  6(h)  the  intersection of the 2685 abscissa and 
the  operating  l ine  yields a required jet temperature r a t i o  of about 4.75. 
The Corresponding rotor  specific fuel consumption is  2.0 pounds per  rotor 
horsepower-hour. . . 

lo the rotor-horsepower spec i f ic   fue l  consumption. The e f fec t  of  an  increase 

I n  l i k e  manner, the  required jet  temperature  ratio and spec i f i c   fue l  
consumption can be computed for   other  arnbient temperatures. The power- 
available  chart and operating  l ine  for  the  pressure jet used i n   t h i s  ex- 
ample are shown in   f igure  6 ( j )  f o r  an ambient  temperature  of 20' F. 

The effect   of  a range of ambient temperatures on t he  jet temperature 
ratio  required and the specif ic  fuel consumption is also shown i n  figure 
7(b). For t he  example i l lus t ra ted ,  a change in  ambient temperature f r o m  
20° to 95' F increases  the rotor thrust required 4 percent,  the jet- 
temperature  ratio  required 23 percent, and the   spec i f ic  fuel consumption 
16 percerit. 

These examples i l lus t ra te   the   de le te r ious   e f fec t   tha t  a reduction i n  
ambient pressure and an increase   in  ambient  temperature  have on the  Fuel 
economy of  a pressure- jet  system. 

Effect of Changes i n  Auibient Conditions 

on Pressure-Jet-Helicopter Performance 

This  section shows how the  engine performance  changes  caused  by 
changes i n  ambient conditions  (discussed  in  the preceding section}  affect  
helicopter performance. The same helicopter was ass-wed as i n   t h e  
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previous  examples, In   the  results which follow, kgverfng cei l ing and 
r a t e  of climb were  computed for  the  design gross weight. Hovering time 
and f l i g h t  range were  computed assuming that all t he   fue l  w w  burned i n  
f l i g h t .  

Hovering ceil ing.  - The discussion i n   t h e  precedlng  section s h o w s  
t h a t , .   i f t h e  ambient pressure i s  decremed or t h e   b b i e n t  temperature 
increased, an increase  in  jet  temperature r a t i o  i s  required  to  maintain 
hovering f l i g h t .  Accordingly, some reserve power m u t  be  provided  for 
the  helicopter if  it is  t o  hover i n  ambient conditions which are mre 
adverse for pressure-jet  operation  than  the  design ambient condition. 
One way t o  increase   the   ro tor   t ip   th rus t  under these  adverse ambient con- 
di t ions is  to  increase  the  jet temperature.  For t h i s  analysis an upper 
limit of  4000' R was assumed f o r  stoichiometric combustion with hydro- 
carbon fuels. 

4 

For the  present, l e t  it be amwed t ha t  it is  desirable  to  design 
a helicopter to  meet large power requirements under adverse  conditions 
by burning i n  the.   t ips  -to. the..ets.i.chiometri~. LimiL. WOOo R. The v d i d i t y  
of t h i s  assumption i s  discusaed later. The problem now at hand is  to 
determine the  helicopter hovering ce i l ing   for  a series of design jet  
temperatures. Here, as i n  reference I, design jet temperature i e   t h a t  L 

temperature  required for hovering  under NACA standard  sea-level  conditions. 

Helicopter  ceiling is p lo t ted   in  terms of the  ambient-pressure and 
-temperature parameters (60 and 80) fo r  vazious  design je t  temperatures 
i n  figure 8. Jet temperature at the-hovering cei l ing is, i n  all cases , 
400O0 R. The hovering  ceiling  increases  considerably 88 the  design j& 
temperature i s  lowered because-of  the increasing_marrgin  between design 
and maximum-available power. Similarly, the   cei l ing i s  also increased 
at the  lower ambient temperatures. In   order  t o  hover at Denver on a hot 
day (So00 f t  at 95O F) (60 = 0.8, 80 = 1.069), a deeign j e t  temperature 
used in   sea- level  hovering  of 2100° R or l e s s  i s  required. 

- 

Such low design jet- temperatures  give  large  reserve power the 
hel icopter   in   the NACA standard  sea-level atmosphere.  For example, if 
the  design jet  temperature were 2 0 7 8  R ( jet-temperature r a t i o  L 4.0), 
the helicopter would have an available power 59 percent i n  excess of that 
required t o  hover in  standard  sea-level  conditione. The reserve would 
be available by increasing  the jet temperature t o  W o o  R. 

A helicopter  with such a low design je t  temperature i s  penalized 
somewhat in maximum hovering time and ultimate range. D a t a  from refer- 
ence 1, rep lo t t ed   i n  figure 9> indicate   the magnitude of this penalty. 
For an auxiliary-compressor  pressure  ratio.of  3.0,the  hovering time for 
a design jet  temperature of 2100° R is only  0.1 hour less than the maxi- 
mum hovering t i m e  of 5.45 hours. A t  t h i s  same design jet  temperature 
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a 
there  is R moderate loss i n  range of 60 nautic&  miles  from  the  maximum 
of 730 miles. 

L 

The  preceding  discussion shows that,  for a pressure-Jet  system  of 
a given  size,  burning to a jet  temperature of 4000’ R provides  the  maxi- 
mum  hovering  ceiling.  The  question  still to be  answered is: If there 
is  to  be  considerable  hovering  under  ambient  conditions  that  put  greater 
demand  on  the  pressure-jet  system, is it  better to use a given  compressor 
and a jet  temperature of 4000° R, or  use a larger  compressor and gas 

(D 
6) 

d turbine  and  burn  to a lower jet  temperature?  Calculations  were  made  sim- 

M ilar to  those used to  produce  the  data of figure 9, but for ambient  con- 
ditions  at  Denver on a hot day. The  data  indicate  that  maximum  hovering 
tfme w a s  obtained  with a design  jet  temperature of 40000 R. The 
auxiliary-compressor  pressure  ratio  for  longest  hovering was a little 
above 3. Because of the decreased  density of the  ambient air, a small 
increase  in  auxfliary-compressor  pressure  ratio  is  desirable to prevent 
thermal  choking in the  tip  burners. From these  calculations  it may be 
concluded  that  the  most  demanding  power  condLtions  should  be  met  with a 
jet  temperature  equal t o  the  maximum  value  obtainable. A corollary to 

N this conclusion is that  the  pressure-jet  unit  should be the  smallest 
J unit  that will satisfy  the  maximum  power  requirement  under  the  least 
o a  advantageous  ambient  conditions.  The  auxiliary-compressor  pressure  ratio 

should be on ly  slightly  greater  than  that  which gives the  best  hovering 
- time  at  sea  level  (ref. 1). 

Eovering  time. - The  effect of changes in ambient  conditione on 
hovering  time is shown in  figure 10. These  data  are  for a design 
auxiliary-compressor  pressure  ratio  of 3.0 and a design  jet-temperature 
ratio  of 4.0 (2076? R).  In figure l O ( a >  hovering  time  is  plotted against 
the  ambient-pressure  parameter Eo for  an ambient-temperature-parameter 
value  of 1.0. Hovering  time  decreases  from 5.4 hours at sea  level 
(60 = 1.0) to about 4.7 hours  at an altitude of 9OOO  feet (60 = 0.7151, 
which  is  the  hovering ceiling for an ambient  temperature of 59’ F 
(eo = LO). 

In  figure  lO(b)  hovering  time is plotted aga3.net the  ambient- 
temperature  pazameter  for an ambient-pressure  parameter  of 1.0. The 
change in hovering  time  with  temperature  is small over a llkely  range of 
ambient  temperatures. An the  temperature  increases f r o m  20° F (Bo = 0.925) 
to 95O F (eo = 1.069), the  hovering  time, at a pressure  altitude  corres- 
ponding to sea  level,  decreases  from 5.55 to 5.05 hours. 

9 Range. - Helicopter  range, at a fLight speed of 80 h o t s ,  is shown 

I sign  auxiliary-compressor  pressure  ratio is 3.0. The  effect of changes 

as a function of the  ambient-pressure and -temperature  parameters in fig- 
ure ll. The design  jet  temperature  ratfo is 4.0 (2076O R), and the de- 

in  ambient  pressure w a s  computed  at  59O F (Go =1 l.O), and the  effect of 
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changes i n  ambient temperature w a s  computed at a pressure altitude of c 

6000 feet (60 = 0.8). Figure U(a) shows that maximum range is  obtained 
a t  some value of pressure  alt i tude  other  than sea level .  A maximum range - 

of 730 naut ical  miles is obtained a t  a pressure  altitude of about 5500 
fee t  and falls o f f   t o  650 miles at sea level and 675 miles at 9000 feet. 

The shape of the curve is determined by the ro tor  power requirements. 
Rotor power decreases 88 the altitude in i t ia l ly   increases ,   bu t  the power 
required  begins to increase  for altitudes above 6000 feet. There ie some 
increase  in  the themdynamic  efficiency of the cycie as the   a l t i tude E 
increases. At sea level,  the rotor  power available at the deaign 
auxiliary-compressor  pressure r a t i o  and m t i p  burning is  i n  excess  of 
that required  after some of the fuel has been  burned. In order t o   fu r the r  
reduce  the power  available,  the  jet  exhaust-nozzle area at the m t o r  blade 
t i p s  w m  increased and the  pressure  ratio lowered. . This -reduction in 
pressure  ratio  increases the specif ic  fuel consumption. Forward f l i g h t  
at 9000 f e e t  does not .reqwLre the  opergtion of the  auxiliary compreseor 
at other  than i ts  design  point. The spec i f ic   fue l  consumption, averaged 
over the en t i r e   f l i gh t ,  i s  about 9 percent better at 9000 feet   than at . .  

sea  level .  

0 4  

. ". 

." .. - 

Changes i n  ambient temperature have almost no ef fec t  on helicopter I 

range  over the scale  of  temperatwe  investigated, m is Shown i n  figure 
l l ( b )  . A t  95' F the  range . h a d  decreased 25. miles f r o m  i ts  maximum value 
of 730 miles. 

- .  

- .  

. -  ... - . . .  .. 
. I  

Rate of climb. - I n  the section '"Hovering ceiling" it i s  pointed out 
t ha t  fo r  hovering at some deplanalng ambient conditions, such 88 a t  Denver 
on a hot day, a helicopter  requires a large amount of power in excess of' 
that required f o r  hovering at sea level.  With all t h i s  power, exceptional 
rates of c l i m b  would be expected. The e f fec t  of changee i n  ambient con- 
di t ions on rate o f  C U I &  o f  a put icu lar   he l icopter  is shown i n  figure 12. 
The helicopter i s  the same as the one whose hovering  time and range per- 
formance are presented Fn preceding  sections. It has a deeign j e t t e n -  
perature of 20760 R but 'uses a j e t  temperature of 4O0O0 R during climb. 
Rate of climb was computed for a forward speed of EQ knots, which is  near 
optimum fo r  cllmb. Rate of  clinib falls of f   t ihos t   l inear ly  with pressure 
a l t i tude  from a value of 2950 feet per minute at sea   l eve l   t o  1600 feet 
per minute a t  9000 feet. 

IKcreases i n  ambient temperature have an adverse e f f ec t  on  rate of 
climb. A t  a pressure  altitude  equivalent t o  B e a  level, the   ra te  of c l i m b  
is 3300 f e e m a  minute at 20' F and is reduced t o  2350 feet per minute 
a t  95O F. 
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P 

- The following result 

- 

SUMMARY OF RESULTS 

.s were derived f r r m  a generalized an 
study of a pressure-jet  powerplant  for a helicopter: 

. a ly t ica l  

1. A decrease i n  ambient pressure  or an increase in ambient  temper- 
ature adversely  affects  the performance of a pressure-jet  powerplant. 
Both  ambient  changes require an increase Fn J e t  temperature rat io   with a 
result ing  increase i n  spec i f ic   fue l  consumption i n  order t o  maintain the 

8 thrust output. I n  a hovering  helicopter  the  rotor-horsepower  specific 
m f u e l  consumptlon is  12  percent  higher at a pressure  a l t i tude of 6000 feet cn 

than a t  sea l eve l  and is 1 6  percent higher at 95' F than at 20' F. 

2. In  order  to-  be able t o  hover at 6000 f e e t  on a 95O F day  with a 
4000° R jet  temperature,  the  pressure-jet  helicopter must be designed to  
hover at standard  sea-level  conditions  with a jet temperature less than 
2100° R. With such a design jet temperature there is  a p w e r  reserve at 
sea l eve l  which is  59 percent above the  power required  for hovering. 

4l 
0 

n (d 3. Longer hovering time under  adverse ambient conditions  can  be ob- 
N tained by  operating at m a x i m u m  jet temperature than by ins t a l l i ng  a 
J -  
u 

larger  engine and operating a t  reduced jet  temperature. 

.. 4. A helicopter wLth a power reserve 59 percent  over that required 
fo r  sea-level  hovering can clirrib at a forward  speed  of 60 lrnots at the 
r a t e  of 2950 feet per minute at sea level.  A t  a pressure  a l t i tude of 
9000 f ee t   t he  rate of c l i m b  decreases 45 percent t o  1600 feet per minute. 
An increase  in  mbient  temperature f r o m  20° to 95O P at sea-level pres- 
sure decreases  the rate of c l i d  29 percent,  fron 3300 t o  2350 feet   per  
minute. 

5. Changes i n  ambient conditions of  the magnitude investigated have 
little effect on hovering  time or  range. When the   p ressure   a l t i tude  is 
increased from sea l eve l  to 9000 feet, the hovering time is reduced 13 per- 
cent. The range .is 12percent   greater  at 5500 feet than a t  sea leve l .  
Changes i n  ambient  temperature from ZOO t o  95O F have even l e s s   e f f ec t  on 
hovering time and range. 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee for  Aeronautics 

Cleveland, Ohio, March 7, 1956 
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APl?ENDIx A 
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. 
S m L S  

The following symbols are used i n  this report: 

A ' area, sq f t  

a velocity of sound, ft/sec 

CQ torque o r  power coefficient 

CT thrust coefficient 

% 3 jet  velocity  coefficient 

F r o t o r   t i p  thrust 

f fuel-air r a t i o  

. 

g gravi ta t ional  ..constant, .32.2 ft /sec2 

hP horsepower . . .  . .  . 

kf duct  fkiction meff ic ien t  

M Mach  number 

N auxiliary-compressor speed 

P total   pressure,   lb/sq f t  

P s t a t i c  pressure, lb/sq ft 

R gas constant, 53.4 f 't-lb/(lb) ( O R )  

S rotor  disk area, sq f t  

T t o t a l  temperature, OR 

t static temperature, UR 

v velocity,  ft/aec 

% 
W air flow, lb/sec 

helicopter grosa w e i g h t ,  1% 
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c r r a t i o  of specif ic  heats of gases 

. 6 ra t io   o f   to ta l   p ressure  to NACA standard  pressure  of 2116 lb/sq f t  

efficiency 

e r a t i o  of total temperature to NACA standard temperature of 519O R 

P density,  slugs/cu f t  

Subscripts : 

a 

b 

C 

3 

t 

X 

0 

1 

2 

3 

4 

5 

6 

stagnation  conditions 

burner 

compressor 

jet  

r o t o r   t i p  

hub end  of  duct 

ambient 

diffuser  inlet  

compressor inlet 

compressor discharge 

burner inlet 

burner  outlet  

exhaust-nozzle  exit 
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AppENaIx B 

PRESSURE-JET CYCLE ANALYSIS 

NACA RM E56B21 

Assumptions 

The  following  detailed  assumptions  were  made in the  analysis: 

The  effect  of  ram  pressure  ratio  was  ignored in forward  flight, BO 

that 

The  total  temperature  at  the  auxiliary-compressor  face w a a  aseumed 
equal to the  ambient  temperature;  hence, 

No heat loss was considered  between  the  auxiliary-compressor  dis- 
charge  and  the  entrance  to  the t i p  burner, 

T3 T, T4 

The  total  temperature in the  tip exhaust nozzle w a s  considered to 
be  that  of  the  tip  burner  exit, 

No total-pressure loss was  assumed  between  the  auxiliary-compressor 
discharge  and  the  hub  end of the  duct.  That is, 

P3 = P, 

No total-pressure loss w a s  assumed  in  the t i p  nozzle; thus, 

The ratio of the specific  heats of the  gases y was  considered to 
be  constant  at 1.38 through  the cycle until  fuel w a s  added and burnea. 
y in  the  exhaust  nozzle w a s  taken 88 1.30. 

Analysis 

Two factors  were  considered  which  affected  the  relation  between 
the total pressure at stat ion 4 and the total pressure at s ta t ion  3. 
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I. The pumping effect of the rotating  helicopter  blade  tended t o  increase 

LI P v2 
the  pressure at s t a t ion  4 and was of the magnitude - x t. The f r i c t i o n  

2 
effect  within  the  rotor blade duct  tended 
s t a t ion  4. The magnitude of t h e   f r i c t l o n  

to  decrease  the  pressure at 
e f f ec t  w a s  

Accordingly, the  total pressure at s t a t ion  4 w a s  

From the  foregoing  equation,  the duct pressure r a t i o  can  be  written a s  

From the  continuity of flow between s ta t ions  x and 4, 

The def in i t ion  of paaa gives 

and 

vhich may be used 

L 

and - 

to  f ind  Mq. 

ra t io   across   the   t ip  'burner 
4.  The following re lat ions 

cas  be found from Mq, 
exia t  among the  temperature 
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T h r u s t  at the rotor tip can be found by evaluating the jet velocity 
L 

- - 

Y- 1 

The thrust  at the rotor tip is given by 

Thrust per unit duct area is computed by writing the  continuity 
equation 

. 
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The power-available charts o f  figure 6 w e r e  calculated by means of 
the above analysis by select ing an auxiliary-compressor pressure ratio 
P3/P2 and tip Mach number Mt and computing thrust per unit due* area 

F / G ~ ~  and thrust per unit air flow F'6~ f o r  a series of j e t  tem- 

perature   ra t ios  16/T2 and duct Mach numbers %. 
w&/% 
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APPENDIX c 

ROTOR AERODYNAMICS IN HOVERING 

Power and thrust   coefficients are defined in the  following  relatione: 
3 

Power CQpVtS 

3 

wg = C&S .. . 

. 

Then r o t o r  horsepower is 

The re la t ion  between CQ and CT is from reference 4, page 83, f o r  

B2 = 0.95 6 1  = -0.0216 

. - . " . . . . . . . . . - . . . . - - . .  "" . - -" 

. -  

So = 0.0087 62 = 0 . 4  

(5 = 0.0732 a = 5.73 

The preceding symbol notation ia that of reference 4. 

c 
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APPENDIX D 

DETERMINATION OF PRESSURE-JET OPERATING LINE 

WITH CHANGE IN AMBIENT TEMPERATURF: 

The text of this report  asd  reference 1 show how the  helicopter 
rotor  power requirement  and  pressure-jet-system  pazameters  establish  the 

the  design ambient temperature. The purpose of this appendix is  to show 
how to  determine  the  appropriate  power-available  chart and corresponding 
operat ing  l ine  for   the system at some other  ambient  temperature. 

dr 

tn 
M 

E13 operating  point at design conditions and the  system opera t ing   l ine   for  

The procedure is as fo.llows : 

(I) Find  the  design  equivalent air flow  per unit duct area - 
by  dividing  the  equivalent thrust per unit  duct area by  the  equivalent 
thrust   per  a t  air flow at the  design  operating  point o r  anywhere along 
the system operating f i e  for  design ambient  temperature. 

W K  

3 “+X 

J” 
al 
P 

U ’  

For the ambient  temperature, other than  design ambient  temperature, 
under  consideration, 

(2) F ind   the   ro tor   t ip  Mach  number V t /  rgRTo. 

(3) Find  the  fraction  rated  equivalent speed 

r %/G 
( N / f i l  ra ted 

(4) Find the compressor pressure  ra t io  and f r ac t ion  rated equivalent 

W d v %  
air  flow corresponding to  the fraction  rated  equivalent 

speed  of (3) along  the com-gressor operat ing  l ine of f igure 3. 
(w-$%/’ 2 1 ra ted 

(5) Select  the  power-available chart (fig.  6) corresponding t o   t h e  
compressor pressure  ra t io  of ( 4 )  and the  rotor t i p  Mach  number of (2 ) .  

The system  operating line f o r   t h e  ambient  temperature  under  consld- 
eration.  should  be drawn through the  or igin  of   the  chart se lec ted   in  (5). 
The slope w i l l  be the reciprocal of t he  product of the  design  equivalent 

v air flow per unit duct mea of (1) and the  f ract ion  ra ted  equivalent  air 
f low of (4).  
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The following determination is an example of  the  use of t h e  fore- 
going procedure. 'It- is assumed'that a pressure-Jet system with an 
auxiliary-compressor  pressure  ratio of 3.0, a t i p  Mach number of 0.6, 
and a jet--temperature.ratio  of .4.0 is t o  be matched a t  NACA standard sea- 
level  conditions  to a helicopter  requiring a t i p   t h r u s t  of 2625 pounds 
per unit duct area t o  hover at a rotor tip speed of 670 f e e t  per second. 
I t  i s  further assumed that both rotor t i p  speed and the  a&iliary- 
compressor mechanicaLspeed are. to be held constant. I n  order to f i n d  
the  power-available  chart and establish  the system operating  l ine 
(ambient  temperature, TO = T2 = 59' F = 519O R ) ,  the following procedure 
i s  used: 

- .. 

(1) The design-pint  chart,  corresponding t o  design  pressure  ratio 
of 3.0 and design t i p  Mach  number of 0.6, i s  figure 6 ( i ) .  A t  the design 
point  ( intersection of the 2625-pourid-per-unit-du-ct-area -5bscissa and . 

4 .O jet  temperature ratio),   the  equivalent  thrust  per uni t  air  flow on 
t?Ie  ordinate i s  55.4 pound-seconds per pound. The design  equivalent 
a i r  f low per  unit duct  area is 2625/55.4 or 47.4 pounds per second  per 
square  foot. . . .  ... 

For the ambient temperature of .555O B, 

(2) Rotor t i p  Mach  number equals 670/+. 4 x 32.2 x 53.3 x 555 or 
0.58. 

(3) Fraction  rated  equivalent speed is 

(4) Along the  operating  l ine of figure 3 at 0.966 rated  equivalent 
speed, the compressor pressure  ratio i s  2.8 and the   f ract ion  ra ted equiv- 
a l en t  air flow is  0.94. 

(5) The power-available  curve fo r  a pressure  ratio. 2.8 and a 
rotor  t i p  Mach  number of 0.58 i s  figure 6(h). 

On figure 6(h) d r a w  an operat ing  l ine through the origin with a 
slope of 1/(47.4 X 0.94) or 0.02245. -. . . 

. .  - 
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Figure 3. - Ccnnpresaor characteristics. 
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Figure 5. - Generalized rotor charac te r i s t ics .  
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(c) Auxiliary-compressor  pressure  ratio, 3.0; rotor  tip Mach number, 0.4. 

Figure 6. - Continued.  Cteneralized  pressure-jet  power-available chart. 
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Equivalent  thrust per unit  duct area, P/A&, lb/sq ft 

(a) Auxiliary-compressor press= ratio, 3.5; rotor tlp Msch number, 0.4.  

Figure 6. - Continued.  Qeneralized pressure-jet power-awihble chart. 
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(e) AuxF1iary-compressor pressure  ratio, 4.0; rotor  tip Mach number, 0.4. 

Figure 6. - Conthued. Generalized  pressure-jet  power-avallable'chart. 
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(9) Auxiliary-compressor pressure ratio, 2.5; rotor tip Mach number, 0.6. 

Figure 6. - Continued. Generalized presme-jet power-available chert. 
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(j) A u x f i i a r y - c w s e o r  pres- ratio, 3.16; rotor t i p  Mach mber, 0.623. 

Figure 6. - Continued. Generalized weasme-jet power-avaibble chart. 
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(1) Aurjliary-compressor pressure ratio, 4.0; rotor t i p  Mach numb=, 0.6. 

M g u r e  6. - Continued. Generalized preaeure-jet power-available chwb. 
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(m) Auxiliary-compreseor pressure mtio ,  2.5; ro to r  t i p  Mach number, 0.8. 

Mgurs 6. - Continued. Oeneraliz14 pressure-jet parer-available chart. 
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Ambient-pressure parameter, 60 

(a) mfect of pressure. ArbLent-temperature parsmeter eo, 1.0. 

Figure 7. - Effect of changes In ambient  conditions on rotor tip  thrust 
required, jet temperature ra t io  required, and mtor horsepower specific 
fuel consumption. Rotor t i p  speed, 670 feet per second; design COIQ- 

pressor pressure ratio, 3.0. 
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Ambient -temperature  parameter, 80 

(b) Effect of  temperature. Ambient-pressure parameter 1.0. 

Figure 7. - Concluded. Effect of changes In mbient  conditions on rotor 
t ip  thrust   required,   jet  temperature r a t io  required., and mtor horse- 
power specific fuel consumption. Rotor t i p  apeed, 670 feet  per second; 
design compressor pressure  ratio, 3.0. 

" 
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45 

1 
Ambient-temperature parameter, 60 

Figure 8. - Hovering  ceiling for pressure-jet helicopter. Maxi- 
mum jet  temperature, 4000O R; rotor  tip velocity, 670 feet  per 
6 econd . 
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Figure 9. - Effec tof   des ign  je t  temperature on 
helicopter  hovering  time and range.  Auxiliary- 
compressor pressure  ra t io ,  3.0 (data f'rom ref. I). 
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(a) Effect of ambient presetme. Ambient- 
temperature paranacter, 1.0. 
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&”-temperature parameter, 00 

(b) Effect o f  ambient temperature. Ambient- 
pressure parameter, 0.8. 
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(a) Effect of ambient pressure. Ambient- 
temperature  parameter, 1.0. 

Figure 12. - Effect of ambient pressure and temperature on preSeure-jet-heliCOp.teT rate of c l h b .  
F0-d speed, 60 knots; design auxiliary-compressor  pressure ratio, 3.0; design jet temperature 
ratio, 4.0. 
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